Abstract The effect of continuous visual flow on the ability to regain and maintain postural orientation was examined. Fourteen young (20-39 years old) and 14 older women (60-79 years old) stood quietly during 3°(30°/s) dorsiflexion tilt of the support surface combined with 30°a nd 45°/s upward or downward pitch rotations of the visual field. The support surface was held tilted for 30 s and then returned to neutral over a 30-s period while the visual field continued to rotate. Segmental displacement and bilateral tibialis anterior and gastrocnemius muscle EMG responses were recorded. Continuous wavelet transforms were calculated for each muscle EMG response. An instantaneous mean frequency curve (IMNF) of muscle activity, center of mass (COM), center of pressure (COP), and angular excursion at the hip and ankle were used in a functional principal component analysis (fPCA). Functional component weights were calculated and compared with mixed model repeated measures ANOVAs. The fPCA revealed greatest mathematical differences in COM and COP responses between groups or conditions during the period that the platform transitioned from the sustained tilt to a return to neutral position. Muscle EMG responses differed most in the period following support surface tilt indicating that muscle activity increased to support stabilization against the visual flow. Older women exhibited significantly larger COM and COP responses in the direction of visual field motion and less muscle modulation when the platform returned to neutral than younger women. Results on a Rod and Frame test indicated that older women were significantly more visually dependent than the younger women. We concluded that a stiffer body combined with heightened visual sensitivity in older women critically interferes with their ability to counteract posturally destabilizing environments.
Introduction
Optic flow strongly influences both quiet stance and gait, particularly when somatosensory feedback is fluctuating (Keshner and Kenyon 2000; Warren et al. 2001; Varraine et al. 2002) . Although the response to visual information is too slow to be used in the generation of automatic postural reactions (Nashner and Cordo 1981; Vidal et al. 1982; Dijkstra et al. 1994) , there is potential for visual field motion to modulate the ensuing compensatory postural behaviors. For example, continuous motion of the optic flow field was shown to modify the kinematics of postural restabilizing behaviors in healthy young adults on a tilted (Wang et al. 2009 ) or minimized ) support surface following a support surface disturbance. This suggests that increased visual sensitivity would also have an impact on compensatory postural behaviors and, subsequently, the ongoing postural state.
Visual sensitivity is often increased with aging and sensorimotor impairment, and older women in particular have been shown to be more visually sensitive than younger adults (Wolfson et al. 1994; Bugnariu and Fung 2007; Guerraz and Bronstein 2008; Slaboda et al. 2009 ). In addition, postural reactions slow with aging (Keshner et al. 1987 (Keshner et al. , 1993 Woollacott 1993; Woollacott and Manchester 1993; Gill et al. 2001) , thereby creating even more of a window for the slowly processed visual inputs to modify postural behavior. Postural responses that are more closely matched to the visual environment but not temporally matched to the immediate demands of the postural disturbance (Wright et al. 2005; Dokka et al. 2010 ) produce a mismatch between the visual motion feedback and somatosensory feedback and rapidly elicit spatial disorientation (Previc 1992; Previc and Donnelly 1993) . Sensory conflicts that interfere with the ability to distinguish between visual motion and motion of the body also produce sensations of motion sickness and instability (Dichgans et al. 1975; Lackner and DiZio 1988) . Thus, this heightened impact of visual field motion with aging could be a significant factor in the increased occurrence of falls (Isableu et al. 2010) .
The repercussions of relying more heavily on visual information to signal a postural disturbance are not as apparent as those from diminished or distorted visual acuity with age (Sturnieks et al. 2008) . The purpose of this study was to explore the influence of continuous visual flow, during and following a postural disturbance (i.e., support surface tilt), on the ability to reorient to vertical. We examined a cohort of healthy older women to increase the likelihood of recording from a visually dependent population and compared their postural kinematics to those of healthy young women. An a posteriori method of functional principal component analysis (fPCA) was used to study temporal evolution of the postural response (Slaboda et al. 2011) . Rather than divide the trial into time periods defined by initiation and termination of the transient disturbance (Nashner and Cordo 1981) , we examined both the imposed disturbance and the emergent behavior as continuous variables to reveal the combined effects of visual field motion and a tilt of the support surface on the postural reorganization.
We also applied a novel method of wavelet transforms to the electromyographic (EMG) activity to study the temporal evolution of lower limb muscle activity. In contrast to Fourier transforms, continuous wavelet transforms extract both power and frequency information from the signal while preserving the original temporal information (Daubechies 1992) . Changes in frequency content of the EMG response can then be correlated with other kinematic variables to determine how musculoskeletal responses are adjusted during persistent visual field motion.
We hypothesized that older women would orient themselves to the visual frame of reference and demonstrate postural behaviors that are consistent with both direction and velocity of the visual flow field. We expected that young women would rely on a somatosensory frame of reference and maintain vertical orientation by compensating for the direction and velocity of the support surface tilt. We further hypothesized that young women would be more likely to compensate for the support surface as it returned to a neutral state in order to maintain verticality in space, whereas postural orientation of the older women would be biased toward the visual frame of reference thereby orienting their body toward the direction of optic flow.
Methods
Fourteen healthy young women (20-39 years) and fourteen healthy older women (60-79 years) gave informed consent as approved by the Institutional Review Board at Temple University to participate in this study. Subjects who reported a history of neurological disorders, vision problems, motion sickness, hearing problems, severe to moderate arthritis or any limitations in range of motion at the ankle were excluded from the study.
Rod and frame test
To assess whether this sample of older women was more visually dependent than the younger women, each subject completed the Rod and Frame test (Witkin and Asch 1948a, b; Slaboda et al. 2009; Isableu et al. 2010) . The experimental apparatus consisted of a standard, windows-based personal computer, ACDSee 6.0 (ACD Systems) image viewing software, a projector (InFocus, Portland OR), and a rear projection screen. The projection screen measured 2.0 m wide by 1.5 m high and was overlaid with a piece of black, 3/16 00 construction board with a 1.12-m-diameter circle cut in its center in order to block out ambient light. The rod and frame display was projected through this circular cutout. The projector was located 3.6 m behind the screen, and the subject stood 2.1 m in front of the screen.
Subjects were standing freely in the upright position in the dark. They were instructed to look straight ahead at the projection screen that displayed a luminous frame tilted 22.5°c lockwise or counterclockwise from horizontal. A luminous rod was digitally rotated from an initial position of 20°or 45°f rom vertical or horizontal. Subjects verbally identified when they perceived the rod as reaching pure vertical or horizontal. Mean angular differences from pure vertical and horizontal were compared across the two populations with Wilcoxon nonparametric test since the variances are not homogeneous and significance accepted at P \ 0.05.
Postural task
Subjects were instructed to look straight ahead and maintain an upright posture while standing quietly with feet side-byside and arms at their sides. After 5 s of quiet stance, a transient 3°tilt of the support surface produced dorsiflexion of the feet at a constant velocity of 30°/s. This was followed by 30 s of quiet stance on the tilted surface and a 30-s return of the support surface to a neutral position at a constant velocity of 0.1°/s (Fig. 1) . A small backward tilt was chosen in order to produce postural destabilization without the need to take a step (Keshner et al. 1987; Buchanan and Horak 1999) . The visual field was either dark or rotated in continuous upward or downward pitch at the same velocity as the platform (30°/s) or faster (45°/s) resulting in a total of five trials with the tilt perturbation. Onset of visual field rotation and support surface tilt was synchronized, and visual field motion was maintained throughout the trial. Five catch trials with a stationary support surface were included for a total of 10 trials randomized across direction and velocity of support surface and visual scene.
Data collection
Three transparent 1.2 9 1.6 m screens were placed 90 cm in front and to the right and left of a 3-degree of freedom platform (Neurocom International Inc., Clackamas OR) with integrated dual triaxial force plates (AMTI, Watertown, MA) from which center of pressure (COP) was calculated. Two Panasonic PT-D5600U DLP-based projectors located behind each screen projected a full-color workstation field (1,024 9 768 stereo) at 60 Hz onto each screen. Polarized filters placed in front of the projector provided left eye and right eye views of the image on each screen, and passive stereo glasses delivered the correct view to each eye. Three dual processor computers created the imagery projected in the virtual environment and were synchronized via the CAVELib application (MechDyne, Virginia Beach, VA).
Muscle electromyographic (EMG) responses were recorded with pairs of 2.5-mm-diameter Ag-AgCl surface electrodes (Noraxon, USA) placed bilaterally on the tibialis anterior (TA) and medial gastrocnemius (GAS) muscles. Placement of EMG electrodes was determined using anatomical landmarks and verified with isometric contractions of the muscle. EMG data were amplified, bandpass filtered at 10-500 Hz, and sampled at 1,080 Hz.
Three-dimensional kinematic data from the head, trunk, lower, and upper limbs were collected using a Motion Analysis (Santa Rosa, CA) 6-camera infrared Hawk system sampling at 120 Hz. Center of mass (COM) of the body was calculated (Winter 1990 ) from anterior-posterior displacement of infrared reflective markers placed on the body. Segmental angles of the ankle were calculated as the angle between the foot and the shank. Hip ankle was calculated as the angle between thigh and the trunk.
Wavelet analysis of the EMG
A continuous wavelet transform (CWT) was applied to the EMG signal from each muscle using the Morlet wavelet as the mother function, defined as:
where g represents a nondimensional time parameter, and x 0 is the nondimensional frequency (Lauer et al. 2005 (Lauer et al. , 2007a (Lauer et al. , b, 2008 . The Morlet had an increasing linear scale of 1 and 128 to encompass all frequencies between 0.1 and 540 Hz. The output of the CWT analysis is a scalogram, which is a three-dimensional representation of time (s) on the x-axis, frequency (scale) on the y-axis, and power (amplitude) on the z-axis. Reduction of the 3-dimensional scalogram to a representative EMG activation equation was performed by calculating instantaneous mean frequency (IMNF) for each time interval as:
where P(t, f) represents the range of powers at a given frequency at each time interval, and f represents frequency range of the EMG signal (Karlsson et al. 2003; Lauer et al. 2005 Lauer et al. , 2007a Lauer et al. , b, 2008 . The IMNF produced a representative curve of muscle activity over time that could be compared with kinematic changes at the hip and ankle.
Functional principal component analysis
An fPCA was applied to COM, COP, segmental angles, and IMNF data to identify trial periods in which the two populations were differentially affected by visual conditions (Slaboda et al. 2011) . A ''standard'' multivariate principal component analysis is a mathematical least squares statistical procedure where the first principal component accounts for as much of the variability in the data set as possible; each succeeding component accounts for the maximum amount of variance left. The fPCA also converts large numbers of correlated variables into a smaller number of principal components. However, the fPCA 'variable' is a functional relationship of data points and not a single data point. Thus, the fPCA yields a measure of variability across an entire curve captured as a small subset of functional principal components (fPC). COM, COP, IMNF curves, and segmental angle data were transformed into functions by fitting a 6th order B-spline basis function using a least squared maximization procedure. A Varimax rotation was used so that the fPC curves expressed a more focused, descriptive characterization of variations in the curve, thus maximizing differences between the groups. With Varimax rotation, the values remain orthogonal but may no longer be uncorrelated. Therefore, the percent variance explained by each fPC may not decrease monotonically with rising principal components (Ramsay and Silverman 2002, 2005) .
Statistics
Once principal component curves were generated, each of the original data sets was given a ''weight'' by integrating over the area of the time period described by each fPC. These weights were a measure of how closely that individual data set agreed with, or deviated from, the calculated fPC. Separate mixed models repeated measures ANOVAs with one between group measures (older women and young women) and five within-group measures (visual conditions) were performed on the COP, COM, segmental angular displacement, and IMNF weights for the TA and GAS muscles. Responses in the dark were compared to each visual scene rotation with paired t test post hoc analyses that contained a Bonferrroni correction and reported as significant at P \ 0.05.
Results

Rod and frame results
Our population of older women did select significantly greater angular deviations of the rod than younger women in both the vertical (older women l = 8.8 ± 4.7 and young women l = 2.4 ± 2; P \ 0.002) and horizontal (older women l = 8.1 ± 4.8 and young women l = 2.1 ± 2 P \ 0.002) orientations (Fig. 2) . Thus, the older women tested as more visually dependent; however, no significant correlation between COM responses and the angular deviations of the rod was found.
COM and COP responses
The fPC analysis identified the first four principal components with the greatest differences in the COM and COP responses as occurring: (1) during the 20-to 50-s time period that contained both the sustained tilt and the platform return to neutral, (2) over the period that the platform return to neutral (40-60 s into the trial), (3) during and several seconds following the support surface disturbance (0-10 s into the trial), and (4) during the period of sustained platform tilt (4-30 s into the trial; Fig. 3 and Table 1 ).
With pitch up rotations of the visual scene at both velocities, both younger and older women displaced their COM further backwards than when in the dark (P \ 0.05) starting 4 s after the tilt disturbance and continuing over 20 s of the platform return to neutral (first fPC and fourth fPC, Fig. 3 ). In the COP excursions, older women significantly shifted their weight toward their heels starting 4 s after the tilt and continuing over 20 s of the platform return to neutral when the scene rotated in pitch up direction at 45°/s compared to in the dark (first and fourth fPCs, Fig. 4) . Similar results were found with pitch up rotation at 30°/s relative to responses in the dark with older women shifting their COP to their heels starting 20 s after the tilt and continuing over the initial 20 s that the platform returned to neutral (first fPC). No significant differences in the COP responses due to visual condition were found in young women.
With pitch down rotations of the visual scene at 45°/s, COM was positioned more forwards than when in the dark starting 4 s after the tilt and continuing until the platform returned to neutral in both young and older women (P \ 0.05). No significant differences in responses were found during pitch down rotation at 30°/s when compared to in the dark for either group. Significant group differences were also found in COM displacement starting 4 s after the tilt and continuing over the entire period that platform returned to neutral (COM: first fPC: F(1,26) = 6.9, P \ 0.014; second fPC: F(1,26) = 8.2, P \ 0.008 and fourth fPC: F(1,26) = 5, P \ 0.034). These results indicated that although both groups were responsive to the direction and velocity of the visual scene, the older women exhibited larger displacements of COM in the direction of visual scene rotation across all visual conditions compared with younger women (Fig. 4) .
Frequency responses of the GAS and TA muscles
The four functional principal components that described the IMNF response of the GAS and TA muscles over the trial were not the same as those identified for the COM and COP data (Table 1) . Whereas fPCs of COM and COP reflected the concurrent actions of these variables, time shifts in the fPCs reflected reciprocal actions of the two muscles. For both muscles, the smallest percent of variability was described by the period of the tilt disturbance.
The greatest percent variability of the GAS muscle (57%) emerged in the second and fourth fPCs over 20-60 s of the trial period as the tilted platform began and completed its return to a neutral position. The first fPC described 24% of the variability in the GAS for the period of sustained tilt. For the TA muscle, the greatest percent variability was described by the 1st and 3rd fPCs (48%) immediately following the tilt and for the whole period of sustained tilt (4-40 s of the trial). The 2nd fPC described 39% of the variability across the whole period that the platform returned to a neutral position (30-60 s of the trial). Thus, the principal action of each of these muscles was to stabilize the orientation of the body against the position or motion of the support surface.
Although the IMNF responses of the TA muscles were larger in the younger women compared with older women, there were no significant effects of age or visual condition. In the GAS, IMNF responses were significantly larger in younger women than older women over the last 20 s that the platform returned to neutral (F(1,26) = 4.6, P = 0.041; Fig. 4 ).
Hip and ankle angular displacement
The four fPCs of ankle angle mirrored the fPCs that described the COP. Younger women demonstrated greater ankle flexion when the visual scene was rotating compared to in the dark, but only ankle angle excursions during the Fig. 4 Average responses of COM, COP, IMNF of TA, and GAS, and the mean ankle angle displacement over the entire trial in each visual condition (see legend) for young women (left) and older women (right). The vertical black line indicates the time at which the platform began its return to neutral initial response to the tilt (third fPC, P \ 0.05) when the scene was pitching upwards at 45°/s were significant due to variability across the subjects (Fig. 4) . Large amounts of variability across subjects were also observed in the profiles of the hip angle (top, Fig. 5 ) even after these angles were corrected for variations in the initial position that were found to occur prior to the tilt disturbances (Schweigart and Mergner 2008) . Five younger and three older women exhibited less than 2°of change in their hip angle following the initial response to the tilt disturbance in all visual conditions; all others shifted their hip angle as much as 6-10°from their initial position.
The fPCs that described the hip angle also differed from all of the other measures ( Table 1 ). The 1st and 4th fPCs of the hip described 68% of the variability as occurring across the period that the platform transitioned from a tilted to a neutral position (20-60 s of the trial). The 2nd and 3rd fPCs identified 25% of the variability at the hip following the tilt disturbance and during the sustained period of support surface tilt. Average hip angles across each of these fPC time periods for each population (bottom, Fig. 5 ) reflected greater variability in the hip position of the younger women compared with the older women. Older women kept a median hip angle close to zero degrees for each visual condition and had smaller variation across all visual conditions. Younger women, however, exhibited larger and more variable hip flexion angles with visual field motion than when in the dark. No significant differences Fig. 5 Top Hip angles across the whole period of the trial for all younger (top row) and older (bottom row) women in the dark (left), during pitch down 30°/s (middle) and pitch up 30°/s (right) of the visual scene. Bottom Box plots of the average hip angles over the period of sustained tilt (left) and over the return to neutral (right) of the platform for the younger (upper) and older women (lower). The box indicates the inter-quartile range (lower hinge = 25% and the upper hinge = 75%), the black line indicates the median, and the whiskers are the upper and lower data point. Points outside the whiskers are outliers as defined by 1.5-3 box lengths from the upper and lower edge on the box Exp Brain Res (2011) 211:87-96 93 between populations or visual conditions were found in the hip angles, and there were no correlations with the Rod and Frame results.
Discussion
Variability in postural response behavior is a natural consequence of acting in busy environments with constantly changing demands. We have explored this variability, and the impact of visual field motion on postural recovery and maintenance, by employing a time series approach that incorporated wavelet analysis and functional principal component analyses. We have chosen these methods in order to assess how the current postural state may influence ensuing behaviors. Our results clearly demonstrated that both the direction and velocity of visual flow modified postural restabilization following the support surface tilt and continued to affect the postural state while the support surface was returning to a neutral position. The effects of visual field motion were more pronounced in the older than in the younger women tested here. More than 50% of the variability between the two populations was described by the functional principal components as occurring across the period of sustained tilt and as the platform began its return to a neutral position. In fact, we would expect vision to play a significant role in postural orientation during these two response periods. The tilt period because the body was being statically tilted off-vertical and either visual or vestibular information would be necessary to identify a vertical orientation in space (Kluzik et al. 2005; Kluzik et al. 2007 ). The return to neutral period because the platform was moving at a velocity that was sub-threshold for recognition of vestibular signals (Fitzpatrick and McCloskey 1994) , therefore visual or tactile/proprioceptive receptors would be essential to identify orientation in space. With constant rotation of the visual field, we might predict that the subjects would weight the more reliable somatosensory information more heavily in each of these trial periods (Peterka 2002; Creath et al. 2008 ). This was not the case for the older women who exhibited larger and quicker responses to visual flow following compensation to the support surface tilt than did the younger women.
Visual field motion continued to dominate the response orientation in the older women as the platform returned to neutral. Younger women, however, were able to match their responses to the motion of the platform rather than to the visual field. From this, we infer that the older women relied on an allocentric frame of reference to adjust their position in space, whereas younger women relied on an egocentric frame of reference (Barnett-Cowan and Harris 2008) . Vestibular information in older adults has been reported to be less reliable than that of young adults (Rosenhall and Rubin 1975) , and therefore, they would be more susceptible to the visual field motion, even when it did not match their selfmotion (Tran et al. 1998; Haibach et al. 2009 ).
As previously reported, the older women tested as significantly more visually dependent than the younger women (Witkins 1954; Lambrey and Berthoz 2003) ; thus, we might assume that the visual frame of reference became more dominant with age. But previous results from our laboratory have demonstrated a significant effect of visual field velocity on the peak angular velocities of the head and trunk in healthy young adults within 250 ms of a platform tilt Keshner and Dhaher 2008) . Within 2 s after a support surface tilt, the velocity of visual scene motion was observed to modulate both direction and amplitude of the linear displacement of whole body center of mass and angular displacement of head, hip, and ankle (Wang et al. 2009; Dokka et al. 2010) in healthy young adults. In our current results, both older and younger women responded more strongly when the direction of visual field motion was not appropriate for their postural behavior (i.e., when the body pitches backwards the world should move downward). Therefore, other changes that occur with age must be factored into the selection or dependence on a particular frame of reference.
Physiological and mechanical limitations that have previously been identified with aging, including insufficiency in muscle responses (Allum et al. 2002; Lin and Woollacott 2002; Melzer et al. 2009 ) and stiffer body mechanics (Wu 1998) , may underlie the more rapid and larger postural response to visual flow in older women. We did observe that when vision was available, younger women incrementally increased ankle muscle activity and hip angles as the platform returned to neutral, most likely in order to counteract the visual field disturbance and calibrate their body position to the support surface frame of reference (Keshner et al. 2004 ). This increased muscle activity did not appear in the older women, and, in fact, ankle muscle responses in the older women suggest that they engaged in synchronous muscle activation (i.e., cocontraction) at the ankle as a compensatory strategy to improve the accuracy of ankle stabilization (Seidler-Dobrin et al. 1998) . Increased activation of the muscles around a joint may increase neuromuscular noise through increasing force variability (Meulenbroek et al. 2005; Faisal et al. 2008) , but stiffening at a joint also increases stabilization (Gribble et al. 2003; Faisal et al. 2008; Selen et al. 2009 ). Thus, the choice of limiting motion at the ankle and hip may be an attempt by older women to decrease sensorymotor noise and enhance behavioral precision for the somatosensory disturbances (Wong et al. 2009 ).
We did not find a significant correlation between the Rod and Frame results and the postural kinematics. Weak correlations between a Rod and Frame test and postural behaviors in the medial-lateral plane have been previously reported in young adults, especially as the postural task became more difficult such as when standing in a sharpened Romberg position or in unipedal stance (Isableu et al. 2010) . In fact, stronger correlations only emerged when a visual orientating task was combined with the postural task. This implies that the Rod and Frame task is not a good predictor of postural orientation although there are other variables that will need to be further investigated such as the plane of visual motion (Lord and Webster 1990; Previc 1992; Previc and Donnelly 1993; Keshner and Kenyon 2000) and the impact of meaningful content in the visual field that might supply cues to vertical (Dijkstra et al. 1994; Isableu et al. 2010) .
Our results indicate that the organization of the postural responses to a transient support surface disturbance has a lesser impact on subsequent postural orientation in space than the ongoing environmental array. Disorienting effects of continuous visual field rotations across the continuum of the trial can critically impact successive postural stabilizing actions of older women due to the musculoskeletal and sensory reception changes that occur with age. We conclude that when faced with multiple postural demands, such as a surface that changes in gradient and frictional characteristics in a busy visual environment, compensation for one disturbance will impinge on how our responses are organized to meet successive disturbances, and this influence becomes more overpowering as we age.
